Nasal obstruction, a primary symptom of allergic rhinitis, results in breathing difficulties and decreases quality of life in patients. Quantitative methods are required for diagnosis of nasal obstruction to accurately assess drug efficacy, not only in patients but also in animal models. Acoustic rhinometry is a non-invasive technique to measure nasal airway patency using acoustic reflections. To date, little information on its application in non-human primates (NHP) has been accumulated. Macaque monkeys are a practical NHP model because of their high similarity with humans in their biomedical nature, including genomic and immunologic events and morphology. We established an allergic rhinitis model of cynomolgusmacaque (Macaca fascicularis) sensitized with Japanese cedar pollen and applied acoustic rhinometry to measure nasal congestion. The extent of nasal congestion followed by allergen challenge was successfully quantified as the minimal cross-sectional area (MCA) of the nasal passage for the first time in an NHP allergic model. We also applied this acoustic technique to evaluate the efficacy of an antihistamine drug, fexofenadine. The acoustic assessment achieved quantitative evaluation of the efficacy of fexofenadine on nasal congestion in a macaque allergic model.
Introduction
Nasal obstruction is a primary symptom of allergic rhinitis. It results in breathing Guideline for the Management of Allergic Rhinitis in Japan [2] [3]. However, rhinoscopy is not quantitative, although it is effective in identifying and differentiating nasal events. Additional advanced methods are required for quantitative diagnosis of nasal symptoms to accurately assess drug efficacy, not only in patients but also in animal models. Acoustic rhinometry is a non-invasive technique to measure nasal airway patency using acoustic reflections [4] [5] . This technique measures the geometry of a cavity as a plot of the cross-sectional area against distance, independent of airflow. Acoustic rhinometry would enable accurate diagnosis by providing a reproducible and quantitative assessment of nasal congestion.
Acoustic rhinometry has been used in experimental guinea pigs [6] , dogs, cats [7] , and rats [8] . However, little information on its application in non-human primates (NHPs) has been accumulated to date. Macaque monkeys are a practical NHP model because of their high similarity with humans in their biomedical nature, including genomic and immunologic events [9] . Moreover, compared with rodents or carnivores, macaques closely resemble humans in the morphology of their nasal cavities [10] . Establishing an acoustic rhinometry technique for macaques provides an invaluable contribution to non-clinical studies on the efficacy of drugs for allergies and related diseases.
In the present study, we established an acoustic rhinometry technique for the quantitative assessment of nasal obstruction in an allergic model of cynomolgus macaques (Macaca fascicularis) sensitized with Japanese cedar pollen. We also applied this acoustic technique to evaluate the efficacy of an antihistamine drug, fexofenadine, using the allergic model of cynomolgus macaques.
Animals and Methods
Cynomolgus macaques were sensitized to the pollen allergen Japanese cedar. A crude extract of Japanese cedar pollen (Biostir Inc., Osaka, Japan) and Imject Alum Adjuvant (Thermo Fisher Scientific, Waltham, MA, USA) were mixed to make a suspension of 0.5 μg/mL Cry j 1 and 20 mg/mL aluminum hydroxide. The suspension was subcutaneously injected (1 mL/head) into the backs of monkeys more than 5 times at intervals of 1 month.
The plasma levels of allergen-specific IgE were monitored by a sensitive ELISA utilizing a biotinyltyramide amplification system (PerkinElmer Inc., Waltham, MA, USA). Two male monkeys (14 -18 years old, 6.2 -8.8 kg BW) with raised allergen-specific IgE titers more than 2-fold greater than basal levels and that had developed allergic rhinitis were used in this study.
A crossover experiment to evaluate the antihistamine drug fexofenadine was performed on nasal congestion utilizing acoustic rhinometry. One hour after oral administration of fexofenadine hydrochloride (30 mg/kg BW, Tokyo Journal of Biosciences and Medicines Chemical Industry Co., Ltd., Tokyo, Japan) suspended in 0.5% methyl cellulose solution (Wako Pure Chemical Industries, Ltd., Osaka, Japan) or a vehicle (0.5% methyl cellulose solution), the nasal cavities were challenged with the allergen using a nasal sprayer. Prior to each challenge, nasal cavities were pre-treated with 1.5% N-Acetyl-L-cysteine to perturbate mucus layer and washed with saline. At the challenge, a crude extract of Japanese cedar pollen (including 2.5 μg/mL of Cry j1) was sprayed into the nasal cavities at 0.2 ml/site.
A cross-sectional area of the nasal cavity was measured with an acoustic rhinometer (A1, GM Instruments Ltd., Kilwinning, UK) and nasal congestion was observed with a rhinoscope (TESARA AE-C1 Camera System, AVS Co. Ltd., Tokyo, Japan) just before (pre-challenge) and 10 to 20 minutes after challenge (post-challenge). For rhinometry, the nosepieces of the acoustic rhinometer were made of 1000-μL pipette tips and silicone resin to adjust to the size of the monkeys' nostrils. At measurement, the nosepiece was carefully attached to the nostril to prevent leaks between the nosepiece and tissue and deformation of the nasal cavity.
Monkeys were anesthetized at subcutaneous sensitization, oral administration, and nasal challenge tests with ketamine hydrochloride (3 or 10 mg/kg BW, depending on the duration of immobilization). All experimental procedures were approved by the institutional animal ethics committee in accordance with the institutional guide based on the Guide for the Care and Use of Laboratory Animals by the National Research Council (US) Institute for Laboratory Animal Research. Data were expressed as mean ± standard deviation (SD). Comparisons were made using a Student's t-test if the variance was equal and Welch's t-test if the variance was unequal.
Results and Discussion
To our knowledge, the extent of nasal congestion was successfully quantified as the minimal cross-sectional area (MCA) of the nasal passage for the first time in an NHP allergic model. The allergic reaction in a type I allergy occurs within minutes. Peak nasal congestion in the early phase was usually observed 10 to 20 minutes after allergen challenge. Thus, we compared the pre-and post-challenge MCAs. In case of vehicle administration, the post-challenge MCA decreased by more than 50% of the pre-challenge value (Figure 1(a) ). Coinciding with the acoustic measurement, the post-challenge rhinoscopic images indicated nasal congestion (Figure 1(c) ). The notch of the MCA was at the distal end of the ethmoturbinate in most cases [10] .
When fexofenadine was administrated one hour prior to the allergen challenge, the post-challenge MCA did not decrease as much as that in the case of vehicle administration compared to the pre-challenge MCA (Figure 1(b) ). Rhinoscopic images also demonstrated that nasal congestion was ameliorated by fexofenadine administration. The tip of the ethmoturbinate was visible in the middle of the rhinoscope view field in fexofenadine administration (Figure 1(d) ), whereas the ethmoturbinate was hardly recognized on vehicle administration Journal of Biosciences and Medicines because of congestion (Figure 1(c) ). To quantify the extent of nasal congestion measured by an acoustic rhinometer, "MCA Change" was defined as (postchallenge MCA/pre-challenge MCA) %. In vehicle administration, "MCA Change" decreased to <40%, while fexofenadine administration significantly restored "MCA Change" to >60% (n = 4, p < 0.05, Figure 2 ). Thus, fexofenadine significantly ameliorated post-challenge nasal congestion, although the recovery was not complete. Fexofenadine is an inverse agonist of the histamine H1 receptor, and it functions by blocking constitutive activation of receptors stimulated by histamine [11] . The H1 receptor consists of an active and inactive conformation coexisting in equilibrium. As an inverse agonist, the drug stabilizes the inactive conformation of the H1 receptor, causing a shift in the equilibrium toward the inactive Journal of Biosciences and Medicines 
